Evening Complex (EC), a core component of circadian oscillator, negatively regulates leaf senescence in Arabidopsis thaliana. EC directly binds the promoter of MYC2, which encodes a key activator of JA-induced leaf senescence, and represses its expression. Collectively, our Collectively, these results reveal a critical molecular mechanism illustrating how the core component of circadian clock gates JA signaling to regulate leaf senescence.
Introduction
As an ubiquitous molecular time-keeping mechanism, circadian clock provides an 40 adaptive advantage to higher plants by synchronizing internal growth behaviors with external daily changing environments (Sanchez & Kay, 2016) . The core oscillator function of plant circadian clock is based on transcriptional-translational feedback loops, which constitute a critical part of the self-sustaining oscillator (Greenham & McClung, 2015; Hsu & Harmer, 2014) . Evening complex (hereafter as EC), comprised of EARLY FLOWERING3 (ELF3),
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EARLY FLOWERING 4 (ELF4) and LUX ARRHYTHMO (LUX), plays essential roles in plant circadian clock, as mutation of any EC components leads to circadian arrhythmia (Helfer et al, 2011; Sanchez & Kay, 2016) . LUX is a single MYB domain containing SHAQYF-type GARP transcription factor, targeting GATWCG promoter element (LUX binding site, LBS) through its specific DNA-binding domain (Helfer et al, 2011; Nusinow et 50 al, 2011) . ELF3 and ELF4 are nuclear proteins with unidentified biochemical function, whereas ELF3 functions as an adaptor between LUX and ELF4, thus forming a ternary transcriptional repression complex. It has been demonstrated that EC represses the expression of PRR7, PRR9, GIGANTEA and LUX itself (Chow et al, 2012; Helfer et al, 2011; Nusinow et al, 2011) within the circadian core oscillator.
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EC is a critical component of core oscillator in regulating circadian outputs (Mizuno et al, 2014) . For example, EC directly regulates the expression of PHYTOCHROME INTERACTING FACTOR 4 (PIF4) and PIF5 to gate the hypocotyl growth in early evening (Nusinow et al, 2011) . Interestingly, ELF3 also regulates hypocotyl elongation in an EC-independent manner by interacting with PIF4 and impeding its transcriptional activation 60 of the downstream target genes (Nieto et al, 2015) . In addition, elf3 mutant, but not elf4 and lux mutants, displays a dark-induced early leaf-senescence phenotype, implying that ELF3 can affect leaf senescence independent of EC-mediated transcriptional repression activity (Sakuraba et al, 2014) . However, it remains unclear if EC-mediated transcriptional repression is still involved in leaf senescence governed by other cues.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
4 of highly coordinated cellular processes to trigger the reallocation of nutrients and energy to developing tissues or storage organs (Gan & Amasino, 1995; Lim et al, 2007) . Proper timing of the onset of leaf senescence is critical for seed yield, fruit ripening and biomass production (Lim et al, 2007; Wu et al, 2012) . A concerted cellular event is triggered upon leaf senescence, 70 such as rapid chlorophyll degradation, increase of membrane ion leakage, and eventually the decline of photochemical biosynthesis (Qi et al, 2015) . These biochemical processes are often associated with an up-regulation of many senescence-associated genes, such as
SENESCENCE-ASSOCIATED GENE12 (SAG12), SAG13, SAG29, SAG113, SENESCENCE4
(SEN4), and down-regulation of photosynthetic gene, such as RIBULOSE BISPHOSPHATE 75 (Gan & Amasino, 1995; Hortensteiner, 2006; Park et al, 1998; Qi et al, 2015; Weaver et al, 1998) . Although leaf senescence is basically governed by the developmental cues, it is also tightly regulated by various external and internal signals through specific pathways, such as darkness, drought, high salinity, pathogen infection and phytohormones (Lim et al, 2007; Qi et al, 2015) . Leaf senescence is also 80 regulated by a distinct set of plant hormones, including ethylene, ABA, SA and JA (Miao & Zentgraf, 2007; Qi et al, 2015; Qiu et al, 2015; Zhao et al, 2016) .
CARBOXYLASE SMALL CHAIN (RBCS)
JA, a class of lipid-derived phytohormones, has been well documented in regulating leaf senescence (He et al, 2002) . The JA signal is perceived by CORONATINE INSENSITIVE1 (COI1), a F-box domain containing protein, which results in the recruitment of jasmonate 85 ZIM-domain (JAZ) transcriptional repressors for ubiquitination and degradation (Thines et al, 2007; Xie et al, 1998; Xu et al, 2002) , and de-repression of various downstream JA responsive transcription factors, including MYC2, MYC3, and MYC4 (Chen et al, 2011;  M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 subjective day, well in line with anticipated peak of circadian-mediated insect feeding behavior (Goodspeed et al, 2013; Goodspeed et al, 2012) . Second, plant circadian clock driven time-of-day susceptibility to necrotrophic fungal pathogen, Botrytis cinerea, is mediated by JA signaling (Ingle et al, 2015) . Third, TIME FOR COFFEE (TIC), a circadian-clock mediator, acts as a negative regulator in JA signaling by repressing MYC2 100 protein accumulation at the post-translational level (Shin et al, 2012) . Intriguingly, the MYC2 transcription is also regulated by circadian clock, although the mechanism is unknown (Shin et al, 2012) . In this study, we found that EC, a circadian clock core complex, is involved in JA signaling and response. Loss-of-function of EC results in JA-dependent early leaf senescence.
EC directly regulates JA-induced leaf senescence by binding to the MYC2 promoter and 105 repressing its transcription. Our findings have revealed a novel molecular mechanism underlying circadian gated leaf senescence mediated by JA.
Results

EC acts as a negative regulator of leaf senescence
The EC mutants including elf3, elf4 and lux share a few common phenotypes, such as 110 arrhythmic circadian period, long hypocotyl, and early flowering (Nusinow et al, 2011) .
Interesting, ELF3 inhibit dark-induced leaf senescence through post-translational suppression of PIF4 and PIF5, independent of EC transcriptional repression activity. To determine if EC could affect leaf senescence under physiological conditions, we grew elf3-1 elf4-209 double mutant, lux-6 (Supplemental Figure 1) , and other EC mutants under long day condition with M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 2016). Indeed, the PSII efficiencies in EC mutants were significantly lower than that in Col-0
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( Figure 1B and C) . Moreover, the chlorophyll contents of the third and fourth leaves were much lower in EC mutants than that in Col-0 ( Figure 1D ), while the ion leakage was higher in EC mutants than in Col-0 ( Figure 1E ). Compared to Col-0, the expression of photosynthetic genes, RBCS and CAB1, was dramatically reduced in leaves of EC mutants ( Figure 1F and G).
The expression of SAG12, a senescence marker gene which is not induced under stress 130 conditions, was significantly increased in leaves of EC mutants. lux-6 has the lowest induction of SAG12 compared to elf3-1 and elf4-209 mutants and the double mutant, which might be due to lux-6 itself is a weak allele of LUX. The low induction is in line with higher chlorophyll retention and lower ion leakage; however, down-regulation of RBCS is more severe in lux-6 than in the other mutants, indicating that the different EC mutants have 135 different impacts on the senescence program ( Figure 1H ). Taken together, the EC mutants unanimously displayed early leaf senescence, indicating EC may act as a negative element in leaf senescence regulatory network through its transcriptional repression activity, which is distinct form ELF3-dependent and EC-independent inhibition of PIF4 and PIF5 activities.
Transcriptome profiling analysis reveals links between EC and JA signaling
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To explore potential mechanisms underlying EC-mediated leaf senescence, we conducted RNA-sequencing using 10-day-old lux-6 and Col-0 seedlings. Two biological replicates were performed with the tissues harvested at ZT12, the peak expression time of EC components. In total, we found 978 differentially expressed genes (DEGs) in lux-6 mutant compared to Col-0 with 2-fold cut-off (FDR<0.05). Among which 72.5% (709/978) was 25/192, hypergeometric test, Supplemental Figure 3A ) was present in the DEGs in lux-6 mutant. In line with lux-6's early leaf senescence phenotypes, 19 out of the 25 SRGs 155 (p=2.5e-6, hypergeometric test) were up-regulated, including ORE1 (ORESARA 1), NAP and MYC2 ( Figure 2C ), whereas only 6 SRGs (p=0.017, hypergeometric test) were down-regulated in lux-6 mutant (Supplemental Figure 3B) . In total, ca. 16 % senescence-promoting of SRGs (16/97, hypergeometric test, Supplemental Figure   3C ) were overlapped with the up-regulated genes in lux-6 mutant. However, only 3 160 senescence-inhibiting SRGs (p=0.2, hypergeometric test) overlapped with the down-regulated genes in lux-6 mutant (Supplemental Figure 3D ). In Arabidopsis, there is a significant overlap (18 genes, ~10%) between 192 SRGs and 190 JA-responsive genes (Supplemental Figure 3E ).
Since GO enrichment analysis indicated that JA related biological processes were affected in lux-6 mutant ( Figure 2B ), we found a significant number of DEGs (16, all up-regulated) in 
EC is involved in JA-induced leaf senescence
To substantiate the idea that EC may regulate JA induced leaf senescence, we comprehensively examined JA-induced leaf senescence in EC mutants such as lux-6, elf3-1, elf4-209 and elf3-1 elf4-209 using previously well-established protocols (Qi et al, 2015; Shan 180 et al, 2011) . We choose 3-weeks old to analyze the JA-induced leaf senescence phenotype, when senescence was still not initiated
in the EC mutant leaves (Supplemental Figure 5) . Compared to the wild-type mutants displayed accelerated JA-induced leaf senescence ( Figure 3A ). All the EC mutants treated with MeJA showed significant lower chlorophyll 185 contents ( Figure 3B and Supplemental Figure 6 ) and much higher levels of membrane ion leakage ( Figure 3C ). Consistent with the physiological phenotypes, the expression level of JA-induced SAGs (SAG13, SAG29, SAG113, and SEN4) was significantly up-regulated in EC mutants ( Figure 3D -G). By contrast, the expression of photosynthetic related gene RBCS was appreciably reduced in EC mutants ( Figure 3H ).
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The EC mutants including elf3, elf4 and lux share a few characteristic phenotypes, such as circadian arrhythmia, long hypocotyl, and early flowering. Furthermore, ELF3 serves as a protein adaptor to recruit ELF4 and LUX respectively to form Evening Complex, whilst LUX acts as a transcription factor. To further validate the results of loss-of-function analyses, we generated ELF3 and LUX overexpression lines; however, the protein level of GFP-LUX was 
EC directly gates JA-induced MYC2 expression
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To narrow down the underlying mechanisms of EC-mediated leaf senescence induced by
JA, we hypothesized that some of the crucial JA signaling components might be targets of EC.
We searched the LUX binding site (LBS, GATWCG element) and found at least two LBS in the promoter of COI1, JAZ1, MYC2, MYC3 and MYC4 (Supplemental Table 1 ). The direct repressive roles of LUX protein on these genes were tested by using a transient expression and bHLH17 in regulating SAG29 expression (Qi et al, 2015) . Consistently, we found that the 225 SAG29 expression was dramatically increased in JA-induced leaves of EC mutants ( Figure   3E ). However, we found that the MYC2 promoter, rather than the SAG29 promoter, was associated with LUX protein in a yeast one-hybrid assay ( Figure 5D and Supplemental Figure   11 ). Two LBS, site 1 (GATTCT) and site 2 (GATATG), were found at -695 bp and -598 bp, respectively, upstream of MYC2 start codon. To investigate whether EC repressed MYC2 230 through direct binding to its promoter in vivo, chromatin immunoprecipitation (ChIP) assay using pELF4:ELF4-HA and 35S:GFP-LUX transgenic lines was performed with tissue harvested at ZT 12. Significant enrichment was found in the MYC2 promoter LBS site 2 region ( Figure 5E ). By contrast, there was less enrichment for LBS site 1 region and no enrichment for the region around start codon and the negative control APX3 ( Figure 5E ).
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Taken together, we concluded that EC could bind MYC2 promoter directly to suppress its transcription, which might be accounted for the effects of EC on JA-induced leaf senescence. 
Discussion
By synchronizing the daily and seasonal environmental timing cues, circadian clock coordinates a myriad of rhythmic biological processes to provide higher plants with adaptive 255 advantage and fitness. However, the precise molecular mechanisms by which circadian clock regulates its output is largely unknown. EC components are not only essential for sustaining the core oscillator, but also involved in direct regulation of circadian outputs, such as rhythmic hypocotyl elongation (Nusinow et al, 2011) . Among the EC components, ELF3 is known to regulate dark-induced leaf senescence through repressing PIF4 in an 260 EC-independent manner (Liu et al, 2001; Nieto et al, 2015; Sakuraba et al, 2014) .
Unexpectedly, here we found that all EC mutants displayed precocious leaf senescence in plants grown under normal conditions. Transcriptome profiling analysis revealed that EC appeared to regulate JA signaling via its transcriptional repression activity. This idea is further supported by early leaf senescence upon JA induction in all EC mutants. We further identified (Figure 7) . However, the early leaf senescence in EC mutants cannot be solely attributed to the impact on JA signaling. A number of master transcription factors involved in ABA and ethylene response were also found highly up-regulated in our transcriptome data, such as MYB96, ABI5 and ERF1/6/11 (Lee et al, 2016; Sakuraba et al, 2014) . Furthermore, the transcript levels of NAP and ORE1, two key components of age-dependent and we performed a yeast one-hybrid assay and found that LUX was unable to bind NAP promoter (Supplemental Figure 15A-B) . We also failed to detect a direct repressive role of LUX protein on NAP transcription (Supplemental Figure 15C-D) . The transcript levels of NAP and ORE1, two key components of age-dependent and ethylene-mediated SAGs, were up-regulated slightly in lux-6 mutant at earlier stages, but dramatically up-regulated in senescent leaves of Figure 7A) . Finally, the abundance of EC complex peaks at night and represses its targets, consistent with the fact that JA-responsive genes are mainly expressed in the morning (Covington et al, 2008) . The 330 dynamic control of MYC2 expression by circadian components appears to be an important mechanism in multiple biological processes. The counterpart that involved in MYC2 activation remains to be an interesting topic for future investigation.
Materials and Methods
Plant materials and growth conditions 335
The Arabidopsis seeds were sterilized with 10% NaClO for 10 min, then plated on Murashige and Skoog medium (Sigma-Aldrich) with 3% sucrose, stratified at 4°C for 2 d, then transferred to a grow housing chamber with 12 h light /12 h dark or 16 h light/8 h dark as indicated.
Chlorophyll measurement
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Chlorophyll measurement was performed as described before (Qi et al, 2015; Sakuraba et al, 2014) . The weight of detached leaves was record as W. For chlorophyll extraction, leaves were incubated in 80% acetone (v/v) in the dark, and the volume was recorded as V.
Absorbance was measured at 645 and 663 nm, and the chlorophyll contents were calculated with the formula of (8.02A663+20.21A645)*V/W.
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Measurement of membrane ion leakage
For membrane ion leakage measurement, seven leaves of each treatment were incubated in deionized water with gentle shaking overnight. The conductivity was measured before (C1) and after (C2) boiling for 10 min with an electro-conductivity meter. The ratio of C1:C2 represents the membrane ion leakage rate.
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Measurement of the effective PS II quantum yield (Φ Φ Φ Φ PSII )
For the photosynthetic efficiency, the whole plants were dark-adapted for 30 min before measurements and the Φ PSII of each plant was measured using IMAGING-PAMM-series 
JA-induced leaf senescence assay
Leaf senescence assay was performed as described previously (Qi et al., 2015; Yue et al., 2012 ) with some modifications. The third and fourth rosette leaves from 3-week-old or 4-week-old plants were detached, rinsed in distilled water or MES buffer, and then floated on 
Dark-induced leaf senescence
Detached fourth and fifth rosette leaves of three-week-old plants were floated on 6 mL of 370 distilled water, or whole plants were incubated in complete darkness with the indicated periods.
RNA-Seq analysis
For the RNA-Seq experiments, plants were grown under LD conditions at 22ºC for 10 days and harvested at ZT12. RNA-sequencing was performed by (ANNOROAD, Beijing).
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Sequencing libraries were generated using NEBNext 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
15
The filtering criteria are as follows 1) Remove the adaptor-polluted reads. Reads containing more than 5 adapter-polluted bases were regarded as adaptor-polluted reads and have been filtered out; 2) Remove the low-quality reads. Reads with the number of low quality bases
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(phred Quality value less than 19) accounting for more than 15% of total bases are regarded as low-quality reads; 3) Remove reads with number of N bases accounting for more than 5 %.
As for paired-end sequencing data, both reads have been filtered out if any read of the paired-end reads are adaptor-polluted. The obtained clean data after filtering were subjected to statistical analyses to determine their quantity and quality, including Q30, data quantity and Table 2 .
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Yeast one-hybrid analysis
For yeast one-hybrid assay, the coding sequence of LUX was inserted into pGAD424 to generate pGAD424-LUX. The 1,500 bp MYC2 promoter and 2,000 bp SAG29 and 2,000 bp NAP promoter were inserted into pLacZi vector to generate the MYC2p:Pcyc1-LacZ, SAG29p:Pcyc1-LacZ and NAPp:Pcyc1-LacZ reporter plasmid, respectively. These constructs
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were transformed into the Saccharomyces cerevisiae EGY48 strain and the X-gal staining was carried out accordingly. Transformed yeast was selected on synthetic complete medium lacking Ura and Leu (Lin et al, 2007) .
Transient transcriptional activity assay in tobacco
For transcriptional activity assay in tobacco, Agrobacterium tumefaciens AGL carrying were cultured overnight. Each reporter vector paired with GFP-LUX or GFP effector vector were then co-transformed into tobacco leaves using a syringe infiltration method. The luciferase signal was detected using a CCD camera 2 days after infiltration. The 430 bioluminescence intensity of LUC signals was quantified by Metamorph software.
ChIP assay
To confirm Evening Complex bind MYC2 promoter in vivo, chromatin immunoprecipitation (ChIP) assay was carried out using pELF4:ELF4-HA and 35:GFP-LUX transgenic plants (Zhang et al, 2013) . HA and GFP antibody was used for immunoprecipitation. The DNA sample t-test was used for this analysis. For ion leakage measurement, the conductivity was measured before (C1) and after (C2) boiling for 10 min with an electro-conductivity meter.
The ratio of C1:C2*100 represents the membrane ion leakage rate. 
